A mobile bacterial group II intron can integrate into DNA by the reverse splicing into a target site of its RNA transcript, which then acts as a template for DNA synthesis by an encoded reverse transcriptase. Mobility does not require homologous recombination, which has important practical and evolutionary implications. Some of the most fascinating players in the menagerie of eukaryotic and prokaryotic mobile elements are the group II introns. These introns are among the select group of catalytic RNAs that have helped spark interest in the role of RNA catalysis in current cellular processes, as well as in the possibility of a primordial 'RNA world'. The splicing mechanism used by group II introns is similar to that of nuclear spliceosomal introns, which has led to suggestions that the former are the progenitors of the latter. Group II introns have also been linked to retrotransposable elements, because some of them have been found to encode a functional reverse transcriptase.
Some of the most fascinating players in the menagerie of eukaryotic and prokaryotic mobile elements are the group II introns. These introns are among the select group of catalytic RNAs that have helped spark interest in the role of RNA catalysis in current cellular processes, as well as in the possibility of a primordial 'RNA world'. The splicing mechanism used by group II introns is similar to that of nuclear spliceosomal introns, which has led to suggestions that the former are the progenitors of the latter. Group II introns have also been linked to retrotransposable elements, because some of them have been found to encode a functional reverse transcriptase.
Until recently, the mechanism by which group II introns integrate into a target site had only been studied with yeast mitochondrial systems. Unfortunately, these studies have been complicated by a lack of control over the recombinational processes in the yeast systems that were used. Two recent papers [1, 2] have now reported a series of experiments aimed at characterizing the mobility mechanism of a bacterial group II intron. The results support an elegantly simple model, in which the intron RNA integrates into the target DNA by reverse splicing and then serves as the template for the synthesis of complementary DNA.
The introns found in bacteria, as well as their mitochondrial and chloroplast descendants, differ from their eukaryotic spliceosomal counterparts in their uniform ability to undergo self-splicing and the ability of some to transpose to unoccupied target sites. Bacterial introns can be divided into two major groups on the basis of the chemistry of the transesterification reactions that lead to self-splicing [3] . Group I introns that are capable of movement encode protein endonucleases, which make doublestranded cleavages in the unoccupied, 'recipient' DNA sites. The machinery of cellular homologous recombination then uses the donor site to repair the recipient site. This copying of the intron from occupied to unoccupied sites has been called homing. Mobile group II introns, in contrast, encode both a sequence-specific endonuclease and a reverse transcriptase, and their movement, termed retrohoming, has long been suspected to be more like that of retrotransposable elements.
The key features of the mobility mechanism used by group II introns were revealed a few years ago, with the characterization of the DNA cleavage reaction that occurs during mobility of the group II introns al1 and al2 of the yeast mitochondrial gene COX1 [4, 5] . Target site cleavage was found to involve a ribonucleoprotein complex, with both the intron RNA and its encoded protein contributing to the catalytic activity. As shown in Figure 1b and 1c, cleavage of the sense strand of the target DNA -the strand synonymous with the RNA transcript -involves reverse splicing of the intron RNA into the DNA target site. This reverse splicing is 'complete' in the case of intron al1, resulting in the covalent attachment of the RNA to both upstream (5′) and downstream (3′) exon sequences, but 'partial' in the case of intron al2, resulting in only 3′ covalent attachment. In both cases, cleavage of the antisense target DNA strand, 9-10 base pairs downstream of the insertion site, was believed to be catalysed by an intron-encoded protein. After cleavage, the ribonucleoprotein complex catalyses reverse transcription using the 3′ end of the antisense DNA strand as primer.
While simplicity would argue that the RNA molecule involved in the reverse-splicing reaction would also serve as the template for reverse transcription, it has been difficult to prove this in yeast. Using intron donors that have nucleotide sequence differences in the flanking exons, integrations of intron sequence into the recipient site of either al1 or al2 were found to be accompanied by co-conversion of upstream exon sequences [5, 6] . As illustrated in Figure 1b for the al1 intron, these co-converted tracts suggested that, even if the reverse-spliced intron is used as a template for complementary DNA synthesis, homologous recombination with the donor site is required to complete the integration reaction. In the alternative model illustrated in Figure 1c for the al2 intron, it is suggested that the template for DNA synthesis is the unspliced, precursor RNA containing the intron, so that after DNA synthesis has proceeded some way into the upstream exon sequences, homologous recombination between the complementary DNA and the target DNA allows completion of the integration.
Given our inability to control recombination in yeast mitochondria, it would clearly be an advantage to characterize the mobility of a group II intron in a bacterial system where recombinational mechanisms are better understood and genetically tractable. We fortunately now have just such a model system, with the discovery by Dunny and co-workers [7, 8] that the group II intron LtrB in Lactococcus lactis is capable of both self-splicing and mobility. The advantages of this bacterial system have now been successfully exploited by a collaborative effort of the Belfort, Lambowitz and Dunny laboratories [1, 2] to definitively establish the mechanism of movement used by the LtrB intron.
An in vitro system was first established [1] to confirm that the 70 kDa protein encoded by the LtrB intron does have enzymatic activities similar to those of proteins encoded by yeast mitochondrial introns. Biochemical characterization of the al1 and al2 intron proteins by Lambowitz and coworkers [4, 5] had been technically challenging because of the unusual genetic code and codon usage of yeast mitochondria which required that the studies be conducted with endogenous complexes purified from mitochondria. In the case of the LtrB intron, biochemical assays could be more readily developed because the LtrB protein could be expressed at high levels in Escherichia coli. Using purified LtrB protein and T7 transcripts of the intron, the DNA cleavage and target-primed reverse transcription reactions were shown to be similar to those of the yeast introns.
To study complete retrohoming events, an in vivo assay was next established in both E. coli and L. lactis [2] . A two plasmid system was developed, in which the donor plasmid contained the occupied target site with its LtrB intron marked with a kanamycin-resistance gene, and the recipient plasmid contained the unoccupied target site. After co-growth of the plasmids in either bacterial species, recipient plasmids containing an LtrB intron were readily obtained from the pooled plasmids by selection for appropriate antibiotic resistance.
Three critical aspects of the assay design merit description. First, as a beautiful control for retrohoming, a group I intron was also inserted within the LtrB intron. Because this group I intron should be removed from the group II transcript by self-splicing, the production of recipient plasmids lacking this group I intron provided strong evidence that a retrohoming pathway was being used. Second, to test the role of the cellular homologous recombination pathways, the frequency and nature of the LtrB insertions into the recipient plasmid were compared in wild-type and recA -mutant strains of E. coli. Finally, coconversion of flanking exon sequences was monitored using strategically introduced nucleotide sequence changes in the recipient DNA, both upstream and downstream of the insertion site.
The model for LtrB retrohoming based on these results [2] is shown in Figure 1a . The two plasmid system clearly demonstrated a number of important features of LtrB intron insertion: that it occurred by way of an RNA intermediate; that it did not involve the co-conversion of exon sequences either upstream or downstream of the target; and that it could occur equally well in either recA -or recA + cells. In a separate set of experiments, retrohoming was found to occur using target sites containing only 25 base pairs 5′ of the insertion site and 10 base pairs 3′ of the insertion site, further confirming the homology-independence of the insertion reaction. The absence of upstream co-conversion tracts suggested that the attachment of the complementary DNA to the 5′ exon sequences occurred by displacement of the antisense strand through the action of a helicase. Final removal of the reverse-spliced intron RNA, and synthesis of the sense strand, were presumably brought about by cellular DNA replication and repair enzymes.
It remains to be determined whether the group II introns of bacteria and yeast mitochondria have fundamentally different integration mechanisms, or whether it is just the cellular recombinational and repair machineries that respond to their activities that differ. Although it might be possible to differentiate between these possibilities -for example, by testing mitochondrial introns in the bacterial system -such experiments will be complicated by the modifications of the yeast intron open-reading frame needed to facilitate bacterial expression.
The implications of these reports on LtrB retrohoming are wide ranging. Practically speaking, it might be possible to develop LtrB into a sequence-specific integration system, which would be particularly useful in those organisms that lack efficient homologous recombination. In evolutionary terms, the absence of homologous recombination and coconversion tracts suggests that group II introns can insert into ectopic sites -that is, new sites -with greater ease than previously suspected. In this regard, they are more similar to eukaryotic retrotransposable elements than any previously identified prokaryotic element.
How does the mechanism of LtrB retrotransposition compare to that of eukaryotic retrotransposable elements? Eukaryotic retrotransposable elements can be divided into two major classes. One class of elements is similar in structure and retrotransposition mechanism to retroviruses; however, members of this class show no important similarities to group II introns, other than the use of a reverse transcriptase. The second class of eukaryotic retrotransposable elements are often referred to as the 'non-LTR' retrotransposable elements, because they lack the long terminal repeats (LTRs) so critical to the retroviral integration mechanism. Non-LTR elements are extremely abundant in eukaryotes; indeed they have been estimated to make up over 17% of the human genome (about 900,000 copies) [10] . Phylogenetic analyses have for some time indicated that the reverse transcriptases of eukaryotic non-LTR elements are more similar to those of group II introns of bacteria and mitochondria than they are to the retrovirus-like elements present in the same nuclear genomes [11] . Consistent with this relatively close evolutionary relationship, more recent studies of the non-LTR retrotransposition mechanism have revealed several similarities with group II intron mobility.
The non-LTR retrotransposon for which the integration mechanism has been most extensively studied is the R2 element of insects [12, 13] . This element inserts in a sequence-specific manner into a unique site of the 28S rRNA genes of the host. Because R2 RNA transcripts from an occupied 28S rRNA target site are used to generate a new copy of the R2 element at an unoccupied recipient site, functional similarities to retrohoming are obvious. R2 insertions differ from group II introns, however, in that R2 transcripts are not capable of undergoing self-splicing or cellular-assisted splicing from a rDNA co-transcript. The single open reading frame of R2 has been expressed in E. coli and shown to encode the enzymatic activities needed to initiate retrotransposition. Figure 1d , the R2 protein first cleaves the anti-sense strand of the 28S gene target, and then uses the 3′ end of this cleaved strand as a primer for synthesis of complementary DNA. This target-DNA-primed reverse transcription clearly links the mechanism of R2 retrotransposition to that of group II retrohoming. Cleavage of the DNA sense strand by the R2 protein occurs after reverse transcription and, unlike group II introns, is protein catalyzed. Similar integration and priming reactions are believed to be used by other non-LTR retrotransposons. Most non-LTR elements, however, encode endonucleases which cleave non-specifically, allowing insertions anywhere in the genome [14] .
As illustrated in
Unfortunately, an in vivo integration system is not currently available for the R2 element, so little is known about 5′ end attachment, except what can be inferred from the variation detected at the 5′ end of endogenous R2 insertions. Because of the sequence specificity of R2 integration, and the failure of R2 RNA to be spliced out of a longer transcript, either of the homologous recombination pathways suggested for the yeast group II introns would be capable of attaching the 5′ end of R2 elements to the upstream target sites. Such homologous recombination models would not, however, explain 5′ attachment for those non-LTR retrotransposons that insert non-specifically. Even in these cases, it may still be appropriate to consider group II introns as the precedent, necessitating a model in which the reverse transcriptase jumps from the RNA template to the upstream target DNA in an manner functionally similar to the mechanism illustrated in Figure 1a .
In summary, recent experiments with the LtrB, al1 and al2 introns have established the mechanism of group II intron retrohoming. This mechanism is intimately linked to that of non-LTR retrotransposition. Assuming their presence in bacteria makes the group II introns primordial and that their RNA splicing mechanism has been retained in spliceosomal introns [15] while their protein machinery has been retained in non-LTR retrotransposons, it would be difficult to think of another mobile element that has had greater impact on the current structure of eukaryotic genomes.
